Manufacturing characteristics of the filament winding process, such as the formation of a winding pattern, are usually disregarded in conventional numerical models. However, they could significantly affect stress and strain fields in thin-walled composite shells. This work presents an efficient way to realistically model the filament winding mosaic pattern in composite cylindrical shells under axial compression. The study comprises the linear finite element (FE) Eigenvalue and Eigenvector buckling model of thin-walled composite cylindrical shells using commercial software. A conventional model was developed and an optimization algorithm was used to find the highest Eigenvalue. After the optimum fiber angle was found, it was used for winding pattern drawing and modeling. Three winding patterns were modeled: 1/1, 3/1 and 5/1, where the numerator means the number of diamonds around the number of circumferences indicated by the denominator. The optimum angle-ply fiber layout found was [±30], which reached the highest critical buckling load. The winding pattern influenced the critical buckling load, and the 1/1, 3/1 and 5/1 patterns showed critical buckling loads of 11.237, 11.173 and 11.194 kN, respectively, whereas the conventional modeling approach indicates a critical load of 8.574 kN.
INTRODUCTION
Among the manufacturing processes available for polymer composites, filament winding (FW) stands out due to high accuracy in fiber positioning, high fiber volume fraction, low void content and process automation. Cylindrical structures, such as tubes and pressure vessels made by FW are being increasingly used in aeronautical, marine and automotive sectors. The high design freedom and the intrinsic orthotropy of long-fiber-reinforced composites provide numerous possibilities to decrease weight while fulfilling the load requirements [1] . Key parameters in FW process include winding angle, wall thickness and filament winding pattern [2] . Among the FW process parameters, the winding pattern number is usually disregarded in conventional numerical models since it requires complex and work-intensive modelling to accurately simulate the fiber path. This pattern is the main intrinsic parameter that controls fiber inter-crossing, and is typically determined as an X/Y fraction, where X represents the winding cycle and Y the bandwidth, i.e. for each X cycles, there is a Y band advance.
One cycle is characterized as a complete movement from beginning to end and the returning to the initial point on the mandrel. The winding process occurs through regular and repetitive movements of a pay-out eye that deposits the tow onto the mandrel. The first pass of the cycle has a positive winding angle, and the returning follows the same winding angle but negative. This way, the mandrel is covered twice and only an even number of layers are possible, forming an angle-ply ±α layer. The number of cycles depends on the degree of covering and the tow width [3] . Due to the repetitive movements, the layout of the layer is characterized by the distinctive regular mosaic pattern consisting of triangular-shaped, repeating in chess-board fashion, two-ply units. The units are arranged in regular geometric pattern around the circumference and along the axis of rotation [4] .
Several studies were carried out in order to determine the influence of FW parameters on the mechanical behavior of structures. For instance, Krishnan et al. [5] evaluated the influence of the winding angle in composite tubes subjected to multiaxial cyclic pressure loadings. Failure envelopes showed a strong dependence on stress ratio and winding angle, with [±45]4, tending to be axially dominant, and [±63]4 performing better under high hoop-dominant loading. Almeida Jr. et al. [6] developed an optimization procedure based on a genetic algorithm to determine the best stacking sequence in composite tubes under internal pressure loading. They found that asymmetrical and unconventional angles increase the burst strength for internally pressurized tubes. Other studies in the literature have reported the influence of the winding angle in composite tubes under compression loading [7, 8] and composite rings under tensile loading [9, 10] .
Among the very few works in the literature dealing with winding pattern modeling, Morozov [4] numerically evaluated the influence of the winding pattern on tubes subjected to internal pressure. The stress fields were sensitive to the winding pattern and conventional models using nominal angle underestimated the stresses. Other studies reported the influence of the winding pattern on the mechanical behavior of composite tubes [11] , pressure vessels [12] and flywheel disk [13] .
This work aims at proposing a novel and efficient methodology to model the winding pattern in composite cylindrical shells. The influence of the winding pattern is evaluated with respect to the cylindrical shells under axial compressive load.
FINITE ELEMENT MODELING

Winding pattern generation
A numerical model that incorporates the winding pattern has been developed on Python language due to its excellent compatibility with the FE software herein used, Abaqus 6.14™. Another advantage is related to the use of trigonometric ratios to define the exact positioning of the lines that will form the winding pattern. The essence of model development consists on creating lines in datum planes and projecting them onto the surface of the cylinder to produce the winding pattern. Since the script uses functions common to other CAD platforms, the script can be easily adapted to other languages (e.g. C# or VBA).
The first step is to model a cylinder with radius r and length l, axially coincident with the z-axis (Fig. 1a) . Then, the first datum plane is created where the lines that make the pattern are inserted (Fig. 1b, and detailed in Fig. 2 ). The lines are projected onto the tube surface (Fig.  1c) . In order to avoid distortions, the process is done in four planes of reference around the tube, changing only the positioning of the lines. Finally, a datum plane is used for the (Fig. 1d ), which will delimitate the hoop-wound reinforcement regions, and the lines that divide the diamonds into triangular regions (Fig. 1e) . The lines that make the winding pattern (Fig. 1b) start from a reference line between the points ( , ) and ( , ), with coordinates ( , ) and ( , ), respectively (Fig. 2) , where and are determined by Eqs. 1 and 2, respectively. 
The reference line is repeated along the axial direction of the tube with an offset defined by Eq. 3 (Fig. 3a) , and then a new reference line is inserted with coordinates ( , ) and ( , ) and new offsets are generated (Fig. 3b) . 
The process of development in datum planes is performed in the other planes, however, in order to continue the helical shape of the winding pattern, the ( , ) point must coincide with the ( , ) point of the previous plane.
Winding angle optimization
A conventional FE model was first developed to determine the optimum winding angle with respect to critical buckling load. The outcome of this model was used as comparison for the results from the models in which the winding pattern was included. The cylindrical shell was modeled as an orthotropic homogeneous angle-ply, and the dimensions of the cylinders were ϕ = 50 mm and l = 140. A previous work carried out by the group [14] reported that thin-walled cylindrical shells fail due to crushing instead of buckling or material failure, which is not the scope of the current study. Similarly, a hoop reinforcement (20 mm long and 0.21 mm thick) was wound at the specimen ends to prevent crushing.
The material system used is a carbon/epoxy laminate (Toray T700-12K-50C carbon fiber and UF3369 epoxy resin), and its elastic properties were previously experimentally determined in [15] and used as input in the numerical models ( Table 1 ). The cylinders were modeled using an equivalent single layer (ESL) formulation, with a three-node reduced integration shell element (S4R) with hourglass control. This element is suitable for thinwalled shells and was chosen to reduce simulation time and avoid numerical issues. As boundary conditions, the tube was axially clamped at one end, and a buckling perturbation load in the axial direction was applied on top of the cylinder (Fig. 4) .
The linear buckling FE model shown in Fig. 4 is based on Eigenvalue analysis, which demands low computational time. It yields the theoretical buckling strength (bifurcation point) of the structure as output. Using the conventional modeling approach (Fig. 1a) , the critical buckling load was determined for the winding angle in the 5° to 85° range. A Python script was used to perform this, running simulations in the 5° to 85° range. Winding angles at 0° and 90° were not considered since no winding pattern is formed during manufacturing of these angles, i.e. the band-width is just placed side-by-side.
Influence of the Winding pattern FE modeling
All patterns herein modeled have the same winding angle, which is assumed to be the optimum angle obtained from the procedure described in Section 2.2. Employing the modeling routine described in Section 2.1, the following winding patterns were modeled: 1/1, 3/1 and 5/1. The mesh differs from the conventional model due to the triangular elements, which are more consistent with the format of the partitions (triangular shapes as well). The models with 1/1, 3/1 and 5/1 patterns have 39,728, 44,712 and 41,260 elements, respectively, which were defined after a preliminary convergence analysis (see Fig. 7 ). Fig. 5 shows the models and the manufactured specimens for the various winding patterns. 
4.
RESULTS AND DISCUSSION Fig. 6 shows that, for the boundary conditions used, the optimized configuration angle for buckling perturbation load is equal to [±30] , where the critical load is 8.57 kN. Figure 6 -Buckling load as a function of the winding angle using the conventional modeling approach.
Using the [±30] configuration, four models were developed: one reference model that does not consider the winding pattern and three models considering different winding patterns. Critical buckling load is very sensitive to mesh density, since buckling is a local phenomenon and may happen suddenly at any point of the structure. In all models, the load converged very well for an element size of 1 mm. The mesh sensitivity analysis is shown in Fig. 7 and the buckled deformed shapes are shown in Fig. 8 . As can be seen, the deformations produced in the shells mimic the corresponding mosaic texture. The overall results for the select meshes are presented in Table 2 . Taking into account the winding pattern leads to an increase in critical buckling load of about 30%. However, the variations due to the winding pattern are very small. This may be justified considering that buckling is mostly influenced by the stiffness of the structure and not by the geometrical characteristic of the shell. In that case, non-linear geometrical buckling analysis would be more suitable to achieve more accurate predictions. 
CONCLUSIONS
This work presented a methodology to realistically model the filament winding pattern and how those sketches are exported to a FE package. A conventional model considering a nominal angle in the whole structure was built and the optimum winding angle was found and used to model the various patterns studied, 1/1, 3/1 and 5/1. A case-study of cylinders under axial compression was evaluated considering linear eigenvalue analysis.
From the linear buckling analysis, an optimum winding angle of [±30°] was found. It was verified that the critical buckling load was sensitive to the modelling of the winding pattern. The conventional model provided underestimated results, but the variation observed for the various patterns were small for the type of loading considered. Next steps of this work include development of a nonlinear post buckling model and experimental validation. 
